The gigantic earthquake on March 11, 2011, caused significant damage in and around river levees over a vast area. Because the amount of damage was on such a huge scale, emergency restoration was difficult and many lessons were learnt. The cause of the damage in most cases was liquefaction either in the foundation or in the levee body, and the latter was recognized as a new technical problem. Many levees in the coastal area experienced the combined effects of the tsunami with the co-seismic subsidence of the earth's crust. Among the many examples of damage, one positive issue was that damage mitigation measures such as drainage and soil improvement were found to be effective. The present text addresses the findings and lessons learnt from the authors' emergency activities after the quake.
Introduction
The damage that was produced by the 2011 off the Pacific coast of Tohoku earthquake on March 11, 2011, is classified into two groups, namely that caused by the tsunami and that caused by ground shaking. Most of the damage belonging to the latter was caused by soil liquefaction in artificial islands and along river channels. These liquefaction-prone situations are both characterized by something inexperienced in the past. While those concerning artificial islands are described elsewhere (e.g., Towhata et al., 2011) , the issues relevant to river levees are going to be addressed in this paper.
In previous times, the earthquake resistant design of river levees was not mandatory unless there was a high risk of flooding in the area behind levees (Ministry of Construction, 1985) . In other words, earthquake resistant measures were considered unnecessary if the probability of simultaneous occurrence of strong earthquake and flooding is low. Hence, an effort was made to repair the seismic damage done to the levees within two weeks so that those levees would regain their original height before heavy rain and high water events which may have come at a later time.
Since the 1990s, this situation has changed significantly. Levees of the Tokachi and Kushiro rivers, after being damaged by the 1993 Kushiro-oki earthquake, were not able to be restored in such a short time as intended. Moreover, at the time of the 1995 Kobe earthquake, the significant subsidence of the Yodo-river levee in Osaka demonstrated that high water level can take place every day when the river is affected by sea tides (Matsuo, 1996) . Accordingly, it has been agreed that levees should have sufficient resistance against earthquake action in case that the protected area behind the levees is likely to be inundated when the levee is seismically damaged. Hence, in the 21st Century, the seismic performance of levees has been inspected (Ministry of Land, Infrastructure, Transport and Tourism (2007) ; Japanese Geotechnical Society (2009)).
It should be noted that the concept of seismic performance has been introduced into the inspections of levees by stating that the risk of overtopping, breaching, and flooding has to be sufficiently low even if a levee is shaken by a strong earthquake. This implies that minor seismic distortion is still allowed even if the seismic factor of safety is less than unity. Because the seismic performance of geotechnical structures are based on residual deformation, efforts have been made to develop practical methods to predict the seismically-induced deformation of levees as well as to reduce deformation at a reasonable cost. This is considered reasonable because of the tremendous lengths of the entire levees and since financial limitations do not allow the kind of expensive seismic retrofitting that would keep the seismic factor of safety greater than unity.
Assessing the seismically induced deformation of levees requires significant knowledge about the stress-strain behavior of the constituent soils, the cross sections, and the seismic loads. However, such detailed knowledge is not available in most cases. Scarce information is recorded about the damage done by past earthquakes because the first priority is quick restoration, as stated above. Therefore, today, it is important to assemble data from levee damage and interpret it for future use. Despite this intention, the Fig. 1 . Distribution of seismically affected levees. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.) page limitations imposed on this paper restricts the authors to describing only some of the damage that happened. For more damage information, refer to National Institute for Land and Infrastructure Management (2011) for examples.
The authors have been engaged in emergency activities on damaged river levees as a part of a governmental program. The data cited in this paper is therefore the product of those activities that apparently deserve to be published at this point in time.
Observed damage in river levees
This chapter reports the damage observed immediately after the earthquake. Fig. 1 demonstrates the location of affected rivers and levees in the Northeastern (Tohoku) and Kanto (near Tokyo) regions, respectively. Therein, the damaged levees are marked in red and distributed from the downstream area to upstream. Note, however, that this does not mean the entire levees in the red parts were affected; the extent of the damage extent varied considerably, depending upon the local geology, the configuration of levees, the intensity of shaking, and other factors.
Like the damage in other types of structures, those in river levees are characterized by its vast spatial distribution and simultaneous occurrence. The total number of levee damage events, whether significant or minor, was 2115. Moreover, different types of damage impacted on other types of damage, as exemplified by the shortage of the fuel supply and construction equipments hindering rescue and restoration activities elsewhere. Aftershocks were another reason for delay. Accordingly, damaged river levees were not restored within two weeks after the quake, as originally intended; only the most severely affected parts of levees were taken care of (recovery of the original height by temporary earth filling) prior to the rainy season.
As is often stated, the seismic magnitude of M JMA ¼ 9.0 (at 14:46 on March 11th Japanese time) induced a very long duration of shaking. It seems that liquefactionvulnerable structures continued to be shaken after the onset of subsoil liquefaction for as long as two minutes or longer, though this varied from place to place. Together with the aftershock (M JMA ¼ 7.3 at 15:15 on the same day) that occurred 30 minutes after the main shock, the extreme long duration of the shaking most probably made the deformation and subsidence of levees more serious. Another issue is the limited time between the earthquake occurrence (March 11th) and the rainy season that usually starts in early June. During this period, the damaged levees were recovered to their original height by urgently filling with soil. However, the mechanical strength and permeability of the levees affected were not properly controlled. Hence, it was decided to achieve the required safety during high water levels by more careful patrol and by watching the levees. It was fortunate that no significant damage occurred during the rainy season in 2011.
Levee along the Tone river
The discussion starts with the cases in the Kanto region; see Fig. 1 . The Tone river is one of the biggest rivers in Japan. It forms many swamps and lakes along its route. Works in modern times have made the river straighter by constructing levees on former river channels, which are now vulnerable to subsoil liquefaction. Fig. 2 indicates significant liquefaction and the induced distortion which occurred in Sawara city (R 39.0 km). This levee is situated in a compound of flood plain and abandoned river channels (Fig. 3) . The significant subsoil liquefaction led to a 1 m subsidence of the 3.8-meter-high levee and cracks in the slope on the river side. This area on both sides of the levee is a former river channel and is of typical liquefaction-prone condition. The subsurface data in Fig. 4 indicates that the alluvial sandy layer (As1 and Bs) that is vulnerable to liquefaction is 1 to 4 m in thickness. For symbols of types of soil layers, refer to Table 1.
Levee along the Naka river
The Naka river is located in the north part of Kanto region. There are liquefaction-prone soil conditions in the downstream area. A typical site of liquefaction is at Shimo-Ohno-Jisaki at R 3.5 km (Fig. 5) . The original height of the levee was 1.9 m and the seismic subsidence was 0.6 m. Longitudinal cracks 1 m in depth occurred at the crest because of lateral spreading. This area is located in a flood plain and an abandoned river channel (Fig. 6 ). Much evidence of liquefaction was observed on both the river and the land sides of the levee (Fig. 7) .
Levee of the Hinuma lake
Hinuma is a small lake connected to the Naka river near its mouth. The Shimo-Ishizaki site on the left bank of Hinuma (L 7.5 km) is underlain by a thick clayey layer. In spite of this, the crest of the levee subsided 1 m from its original height of 2.6 m (Fig. 8) . The subsoil is composed of thick clay and there is no sandy layer down to more than 20 m below the surface (Fig. 9) . The significant distortion, in spite of the lack of liquefiable sandy subsoil, has led to the interpretation that the soil developed liquefaction inside the levee. Sasaki et al. (1994) together with Kaneko et al. (1996) and Finn et al. (1997) initiated discussion on the mechanism of substantial damage in levees resting on unliquefiable subsoil. Fig. 10 was schematically illustrated to demonstrate the idea of liquefaction inside the levee, taking examples of the levees of Tokachi and Kushiro rivers that distorted significantly during the 1993 Kushiro-Oki earthquake. Initially, the surface of peaty deposit was level and a river levee was constructed upon it. As long as this initial geometry lasts, the levee will be situated above the ground water level, and its water content is not very high. Hence, the risk of liquefaction is not high.
In reality, however, the weight of the levee induces consolidation and settlement. The base of the levee comes into the subsoil beneath the ground water level which is originally located at a shallow depth (about 50 cm below the ground surface in the peaty layer), and the ground water flows into this part of the levee. The ground water level in the levee rises further because of the infiltration of rain water. The soil in this part of the levee may get looser during this subsidence and lateral extension. Moreover, it has been considered that, during seismic shaking, the inertial force of the embankment transmitted to the underlying peaty layer might be reduced by liquefaction in the base soil of the levee, leading to less seismic disturbance in the peaty foundation soil.
Levee along the Naruse river
The discussion proceeds to the Tohoku region. The Naruse river is located in a flood plain to the north of Sendai city. At its Shimo-Nakanome site at L30.0 km, the crest subsided 5.5 m out of its original height of 7.5 m associated with multiple deep cracks (Fig. 11a) . Lateral expansion induced longitudinal development of cracks in which an eyewitness found sand boils ( Fig. 11b ) that suggested liquefaction inside the levee. Moreover, the lateral spreading was overwhelmingly oriented towards the land side, while the river side had no distortion at all. The subsoil condition is illustrated in Fig. 12 , which shows that the soil in the foundation is profoundly clayey and unlikely to liquefy. The ground water surface is situated inside the levee body and higher than the original ground surface. Moreover, the levee body has sunk into the clayey subsoil. Thus, this site is possibly another example of aforementioned liquefaction inside the levee.
Levee along the Abukuma river
The Abukuma river has its mouth to the south of Sendai city. This area is located in a compound of a flood plain and natural levees. At the Edano site (R 30.6 km), the levee distortion as illustrated in Fig. 13 occurred. This figure shows that the levee deformation towards the land side was more profound than towards the river, although tension cracks in the longitudinal direction occurred on both sides. Moreover, a subsidence of 2.9 m occurred out of the original height of 5.7 m (Fig. 14) . The depth of the cracks reached 1 m as well. An eyewitness reported sand boils in the crack at the crest as well as at the foot of the slope on the land side, suggesting liquefaction inside the levee. The cross section as shown in Fig. 15 suggests that the subsoil is made of more than 15 m of clayey soil. Hence, the induced damage is likely to have been induced by liquefaction inside the levee.
Levees along the Eai river
The Eai river flows in the Ohsaki plain that is to the north of Sendai city, and merges with the Kitakami river near its mouth. At the Fukunuma site (R 26.6 km) on an abandoned river channel, a significant subsidence of 2.3 m occurred out of the 3.8-m height together with very deep cracks of 1.9 m (Fig. 16 ). This site is situated in a compound of abandoned river bed and flood plain, and therefore is surrounded by liquefaction-prone soil conditions. The subsurface conditions here are illustrated in Fig. 17 , indicating a thick clayey layer with interbedding sandy soil under the levee. Noteworthy is that the Bsc soil on the river side is composed of volcanic ash and is prone to large distortion under earthquake loading (Kazama et al., 2006; Verdugo, 2008; Unno et al., 2008 ). Because the river water level rose by retention behind a small dam near this site, the ground water level in the levee was higher than usual and liquefaction in the levee might have been possible.
The site of Kita-Wabuchi (Fig. 18) is located near the confluence of the Eai river and the Kitakami river. The levee here did not incur any seismic damage, but the area behind the levee was an abandoned river channel and liquefaction occurred for the 4th time in the recent decades (twice in 1978 during main-and after-shocks, in 2008, and in 2011). Thus, liquefiable soil repeatedly liquefied, and the minor densification during the dissipation of excess pore water pressure is not significant enough to prevent further liquefaction.
Earthquake motion in the concerned region
One of the important features of the earthquake of M¼ 9 was the long duration time of shaking, which produced a significant number of cyclic loading on soils and resulted in extensive liquefaction and related ground deformation. Although the details of ground motion at the concerned river levees varied from place to place and the exact motion in respective levees is unknown, the present paper shows general feature of motion in the Sendai region in Tohoku, and the Kanto region particularly along the Tone river. (Fig. 20) which is a kind of Arias Intensity (Arias, 1970) .
The latter supposes that the acceleration of ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi NS 2 þ EW 2 p being greater than 50 cm/s 2 is strong enough to maintain high excess pore water pressure and produces more deformation of levees (Okada et al., 1999) .
Moreover, the time history of the EW motion (571 cm/s 2 at maximum) at the K-Net Furukawa station to the north of Sendai, Tohoku region, is illustrated in Fig. 21 . By comparing the records in Figs. 19 and 21 , it is found that the motion in the Kanto region to the south consists basically of one earthquake event, while the motion in the Tohoku to the north is of two major phases. This difference was caused by the proximity to the causative rupture zone, which had more than one seismic event.
The distribution of the seismic indices such as the maximum horizontal accelerations, D 5À 95 and the duration of acceleration greater than 50 cm/s 2 is illustrated in Fig. 22 . The latter is often employed in the authors' practice as giving the idea of duration of strong acceleration (Okada et al., 1999) . Both the acceleration and the duration times were greater in the Sendai, Tohoku, region than in the Kanto region, and made the earthquake more destructive there.
Tsunami overtopping
The tsunami was the most important cause of damage during the earthquake in 2011. Many sea walls were destroyed by the overtopping of sea water. Similarly, there are river levees that were destroyed by the tsunami. indicates the Kitakami river levee at Kamaya (R 3.8 km). Note that the entire body of the levee was lost due to the onslaught of the tsunami attack and scouring. Fig. 24 shows the significant scouring and erosion of a levee of the Kesen river in Rikuzen-Takata, which was devastated by tsunami. It is thought at present that the scouring in Fig. 24 occurred when the tsunami water was receding towards the sea. A vortex was most likely significant on the upstream side of the bridge abutment, eroding the levee soil therein.
The case of the Natori river levee at Yuriage (near the river mouth south of Sendai) appears different from the abovementioned cases. Fig. 25 illustrates the evidence of subsoil liquefaction that occurred immediately after the earthquake. It seems that subsoil liquefaction made the levee unstable. However, when the tsunami overtopped the levee later, the levee was able to maintain its shape (Fig. 26) . Although further study is necessary, this finding is interpreted as follows:
(1) The entire Yuriage area was inundated by tsunami water that came in directly from the coastline. (2) When tsunami water overtopped the levee from the river channel, the ground surface behind the levee had been already covered and was protected by water and hence scouring did not occur. (3) Moreover, the direction of tsunami propagation along the Natori river channel was parallel to the levee, thus reducing the impact of the tsunami. (4) In contrast, the Kitakami River mouth is of rias shape, with its open entrance collecting and concentrating the tsunami energy in the channel. The Kamaya site is located upon the bend of the channel and was impacted by the tsunami energy more directly.
One important lesson for future is the consideration of the regional and tectonic subsidence of the earth crust, which is otherwise called co-seismic subsidence. In the 
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past, this type of subsidence happened during the 1946 Nankai earthquake, the 1960 Chile earthquake, the 1964 Alaska earthquake, and the 2004 Indian Ocean earthquake together with other gigantic events. The present earthquake was associated with the subsidence of a maximum of 1.2 m in the coastal area. This implies that the height of levees near the mouth was suddenly lowered by 1.2 m, followed by the tsunami. Where this compound hazard mechanism is expected, the levees have to be made higher to compensate appropriately.
General discussion on damage of levees
It is important to study the effects of local geology on the significance of levee damage. Fig. 27 was drawn by using data from relatively significant damage sites. This damage summary indicates that the majority of damage occurred in the flood plain where there are many abandoned channels. Note that the current geographical database on geomorphology classification is not so accurate as to precisely define the border between each kind of geology to the order of a few meters. This is probably the reason why Fig. 27 shows a great amount of damage in the natural levee where the liquefaction risk is not considered Fig. 16 . Levee distortion at Fukunuma levee of the Eai river. Fig. 17 . Subsoil conditions at the Fukunuma site on the Eai river. high, as is empirically known (Wakamatsu, 1992) . The natural levee is not the most prone to liquefaction probably because of the ageing of sand (Mulilis et al., 1977; Tatsuoka et al., 1988) . Further note that Fig. 27 is a damage summary and should not be misinterpreted as a statistic database.
It has been empirically known that the earthquakeinduced subsidence of river levees (S) does not exceed 75% of the original height (H); see the Fig. 28 . The new data obtained from the earthquake in 2011 remains within 75% as well at the worst case, and still supports this empiricism. Fig. 10 illustrates the possible mechanism of liquefaction in the body of the levee. This mechanism was proposed after the 1993 Kushiro-Oki earthquake in which levees of Kushiro and Tokachi rivers resting on peaty soft soil were distorted significantly (Sasaki et al., 1994 , Kaneko et al., 1996 , and Oshiki and Sasaki, 2001 , and a numerical analyses by Finn et al. (1997) was in agreement with the idea. To further validate the liquefaction inside the levee, excavation was conducted in 2011 at several places, although the range of excavation was limited by the depth of ground water. Fig. 29 shows one of them where the bottom of the levee had sunk into the clayey subsoil. Upon the earthquake, significant depression in the central part of the levee induced a squeeze-out of bottom sandy materials towards the landside, while the boundary between the levee and the subsoil (Ac1), which was determined after the earthquake by geolicers, bore hole drillings (Fig. 15) , and soundings, did not deform significantly.
A more interesting study was made at the ShimoNakanome site (Fig. 11) . Fig. 30 indicates that the ground water level (GWL) was situated in the levee body on April 30th, and still remained at the bottom of the levee on July 13th (Fig. 31) , although it got lowered possibly because the failed levee soil had been removed. The accumulated precipitation between March 11th and April 30th was merely 76 mm, while the precipitation in one month prior to July 13th was only 131 mm. Thus, it may be stated that the subsided bottom of the river levee had plenty of pore water when the earthquake occurred. Note, however, that the observed subsidence is a post-earthquake configuration and that further study is needed on the pre-earthquake situation of levees resting on clayey subsoil, including the density of the soil. Finally, Fig. 32 demonstrates the cross section of the levee at the Shimo-Nakanome site. Although the depth of excavation was limited by the level of ground water, the disrupted soil in the lower part of the levee supports the likelihood of liquefaction inside the levee; see displacement of the fill materials (designated by B) as well as the null deformation in the Ac1 layer at the bottom. In contrast, the river side with more clayey materials exhibited much less deformation. To shed light on the idea of liquefaction inside the body of levees, the factor of safety against liquefaction, F L , was assessed near the bottom of levees where the soil type was sandy and hence liquefaction was considered likely. The F L value was calculated by using the Highway Bridge Design Code of Japan Road Association (2002 version). The intensity of maximum acceleration at the ground surface, k, was determined by referring to nearby K-Net data. Note, therefore, that the calculation is of limited accuracy because the intensity of ground motion at the exact site of levees is not available. Moreover, to take account of the significantly Fig. 30 . Excavated cross section of damaged levee at the Shimo-Nakanome site on the Naruse river (see Fig. 12 as well as Table 1 for symbols). long duration of time and the large number of cycles of shear stress application induced by the earthquake of M¼ 9, the liquefaction resistance of sand was reduced by 20% from the conventional design assessment by using C w ¼ 0.8. The values of F L in Table 2 are less than unity in those damaged levees and suggest that liquefaction inside the levee is likely to have occurred during the earthquake.
There is an opinion that the induced subsidence of levees was possibly the consequence of a collapse mechanism in which partially saturated soil develops volume contraction upon increasing water content towards saturation. This opinion is not useful at all in the present study because, first, the bottom of the levee, lying below the ground water level, had been saturated with water, and, second, there was no such phenomenon as rainfall to increase the water content in the damaged levees at the same time as the earthquake. Moreover, note that those damaged levees in Table 2 were located in the upstream areas too far from the tsunami-prone coastal area.
From a practical viewpoint, liquefaction within the levee body poses the following problems:
(1) It is difficult to identify the possible sites of this problem because levees are designed and constructed above the ground surface and the situations that occur afterwards are not visible. (2) There are no detailed construction records for many levees. This is particularly the case when the levee was first constructed in the 19th Century or earlier, followed by further filling and widening in modern times. (3) It is therefore difficult to assess the potential of liquefaction inside the levee body over the entire length of levee resting on soft subsoil. (4) A detailed mechanism of the loosening of once-compacted levee soil is yet to be known. In some regions, levees on soft clayey subsoil have been constructed without intense compaction, different from soil-mechanic tradition, in order to avoid consolidation and subsidence. if it is below the ground surface, drainage of pore water at an appropriate cost is not an easy task.
Successful mitigations
Seismic retrofitting of levees has been underway during the recent decade at places where seismic inspection identified potential problems. Generally, mitigations have been designed by using the pseudo-static seismic coefficient equal to 0.18 that corresponds to a design earthquake hitting the site once during the service period.
6.1. Gravel drains at the Omigawa bridge site on the Tone river Fig. 33a illustrates the successful soil improvement on the land side of a levee by using gravel drains that successfully dissipated excess pore water pressure and prevented liquefaction in 2011. Its location is on the upstream side of Omigawa bridge of the Tone river (R 27.8 km), which is situated within a flood plain and abandoned river channel. For the subsurface cross section, see Fig. 34 . This situation is in clear contrast with the heavy damage at a nearby site where no mitigation had been installed (Fig. 33b) .
Drainage from levee at Mitanda site on the Naka river
Lowering of ground water level in the body of a levee and keeping the soil unsaturated are important in order to prevent liquefaction inside the levee (Fig. 10) . The installation of a gravel toe drain at the foot of the slope (Fig. 35) has been widely practiced in order to lower the phreatic surface in the levee during high water level in the river. Fortunately, in the case of Fig. 36 , this measure was successful in lowering the water level at the time of the earthquake as well and consequently avoiding the problem of liquefaction. For comparison, see the post-earthquake situation of a nearby site (Fig. 37). 7.1. Shallow soil stabilization by cement mixing at the Kimazuka site on the Naruse river The Kimazuka levee on the Naruse river (R 12.9 km) was damaged by the 2003 North Miyagi earthquake with M JMA ¼ 6.2 (Fig. 38 and Takahashi and Sugita, 2009) . After that event, the surface 6 m, at maximum, of the foundation soil was improved by mixing soil with cement. Because of this improved liquefaction resistance in the foundation, the 2007 earthquake did not cause damage in the levee, although a neighboring area was affected by liquefaction as well (Fig. 39) . This success was repeated in 2011.
7.2. Sand compaction piles at the Naka-Shimo site on the Naruse river This section of the levee (near the river mouth) was damaged by the 1978 Off-Miyagi earthquake and it was partially improved by using sand compaction piles (Fig. 40) ; the improvement ratio (defined by cross sectional area of piles/ entire improved area) being 10%. Because no damage occurred in 2011, there is not much information about its behavior except that the levee was safely used for evacuation Fig. 36 . Successful installation of toe drain in levee slope at the Mitanda site on the Naka river (no photograph is available at sites without damage). Evidently, the excess pore water pressure in the densified part (''D'' in Fig. 40 ) is lower than in the uncompacted part (''L''). It is reasonable to infer that the same situation occurred in 2011 as well, successfully preventing the onset of liquefaction and reducing the deformation.
Conclusions
A damage investigation has been carried out on river levees after the earthquake on March 11, 2011. While focusing on the damage to individual levees, the study further addressed the successful performance of soil improvement and other mitigation measures that were practiced prior to the quake. The chief conclusions drawn from the study are as follows.
(1) Most damaged levees are situated in flood plains and abandoned river channels, which are susceptible to subsoil liquefaction. (2) Thus, liquefaction in the foundation subsoil is one of the major causative mechanisms of levee damage. (3) There were many damaged levees without subsoil liquefaction. It is inferred that the body of those levees liquefied. (4) The tsunami effect was varied, being substantial or minor, depending probably upon the geometrical relationship between the levee and tsunami propagation. (5) Because of the significant number of damage events and their spatial distributions, it was difficult to restore them within the short time between the earthquake itself and the rainy season. (6) Mitigation measures such as compaction, solidification, and drainage successfully prevented the occurrence of levee distortion during the earthquake.
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